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ABSTRACT

Kaposi’s sarcoma-associated herpesvirus (KSHV) is etiologically associated with Kaposi’s sarcoma (KS), primary effusion lym-
phoma (PEL), and multicentric Castleman’s disease. We have previously shown that KSHV utilizes the host transcription factor
Nrf2 to aid in infection of endothelial cells and oncogenesis. Here, we investigate the role of Nrf2 in PEL and PEL-derived cell
lines and show that KSHV latency induces Nrf2 protein levels and transcriptional activity through the COX-2/PGE2/EP4/PKC{
axis. Next-generation sequencing of KSHV transcripts in the PEL-derived BCBL-1 cell line revealed that knockdown of this acti-
vated Nrf2 results in global elevation of lytic genes. Nrf2 inhibition by the chemical brusatol also induces lytic gene expression.
Both Nrf2 knockdown and brusatol-mediated inhibition induced KSHV lytic reactivation in BCBL-1 cells. In a series of fol-
low-up experiments, we characterized the mechanism of Nrf2-mediated regulation of KSHV lytic repression during latency. Bio-
chemical assays showed that Nrf2 interacted with KSHV latency-associated nuclear antigen 1 (LANA-1) and the host transcrip-
tional repressor KAP1, which together have been shown to repress lytic gene expression. Promoter studies showed that although
Nrf2 alone induces the open reading frame 50 (ORF50) promoter, its association with LANA-1 and KAP1 abrogates this effect.
Interestingly, LANA-1 is crucial for efficient KAP1/Nrf2 association, while Nrf2 is essential for LANA-1 and KAP1 recruitment to
the ORF50 promoter and its repression. Overall, these results suggest that activated Nrf2, LANA-1, and KAP1 assemble on the
ORF50 promoter in a temporal fashion. Initially, Nrf2 binds to and activates the ORF50 promoter during early de novo infec-
tion, an effect that is exploited during latency by LANA-1-mediated recruitment of the host transcriptional repressor KAP1 on
Nrf2. Cell death assays further showed that Nrf2 and KAP1 knockdown induce significant cell death in PEL cell lines. Our studies
suggest that Nrf2 modulation through available oral agents is a promising therapeutic approach in the treatment of KSHV-asso-
ciated malignancies.

IMPORTANCE

KS and PEL are aggressive KSHV-associated malignancies with moderately effective, highly toxic chemotherapies. Other than
ganciclovir and alpha interferon (IFN-a) prophylaxis, no KSHV-associated chemotherapy targets the underlying infection, a
major oncogenic force. Hence, drugs that selectively target KSHV infection are necessary to eradicate the malignancy while spar-
ing healthy cells. We recently showed that KSHV infection of endothelial cells activates the transcription factor Nrf2 to promote
an environment conducive to infection and oncogenesis. Nrf2 is modulated through several well-tolerated oral agents and may
be an important target in KSHV biology. Here, we investigate the role of Nrf2 in PEL and demonstrate that Nrf2 plays an impor-
tant role in KSHYV gene expression, lytic reactivation, and cell survival by interacting with the host transcriptional repressor
KAP1 and the viral latency-associated protein LANA-1 to mediate global lytic gene repression and thus cell survival. Hence, tar-
geting Nrf2 with available therapies is a viable approach in the treatment of KSHV malignancies.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a lympho-  with the virus by inducing lytic reactivation with 12-O-tetradeca-
tropic gammaherpesvirus and is the etiological agent of Ka-  noyl-phorbol-13-acetate (TPA) or sodium butyrate (NaB) (5, 7,
posi’s sarcoma (KS), primary effusion lymphoma (PEL), and the ~ 8). Upon de novo infection of permissive cell types, such as human
plasmablastic variant of multicentric Castleman’s disease (MCD)
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In vitro, KSHYV is isolated from PEL cell lines latently infected
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dermal microvascular endothelial cells (HMVEC-d), an initial
burst of lytic gene expression with immunomodulatory and anti-
apoptotic functions is followed by establishment of latency (9).
The mechanism through which KSHV induces these lytic genes
during early infection and subsequently suppresses them in la-
tency is poorly understood. Chromatin immunoprecipitation
techniques coupled with KSHV genome-sequencing methods
(ChIP-seq) have proved to be a remarkable tool in analyzing the
chromatin landscape of the KSHV genome that is present during
KSHYV infection. Specifically, it has been shown that during la-
tency establishment, immediate-early (IE) and early (E) lytic
KSHYV genes, including the lytic cycle regulator open reading
frame 50 (ORF50/RTA), are heterochromatinized with the repres-
sive histone marker H3K27me3 (10, 11). Concomitantly, these
histones are also tagged with the activating marker H3K4me3 (10,
11).In a bivalent state, the repressive marker takes priority but can
be quickly removed by histone demethylases, giving way to the
activating markers (10). This dynamic bivalent state is observed
during TPA and NaB reactivation, which reduces the repressive
marker H3K27me3 on the IE and E genes (12). While these studies
have shed light on the heterochromatic changes that lead to re-
pression and derepression of lytic genes and constitutive expres-
sion of latent genes, the transcription factors that are involved in
these modifications remain unclear, though some of them are an-
alyzed in a recent summary (12).

Latency-associated nuclear antigen 1 (LANA-1), expressed by
KSHV OREF?73, is a major latency protein with pleiotropic func-
tions. LANA-1 plays an important role in repressing lytic genes by
binding to and repressing the ORF50/RTA promoter (13, 14). It
was recently found that LANA-1 recruits the host transcriptional
repressor KAP1 (Kriippel-associated box [KRAB]-associated pro-
tein 1; also known as TRIM28 or TIF1B), which repressed the
ORF50 promoter (15, 16). However, the location, mechanism,
and dynamics of LANA-1/KAP1 binding to the ORF50 promoter
have yet to be investigated.

Nuclear factor E2-related factor 2 (Nrf2) is a member of the
Kap’n’Collar basic leucine zipper (bZIP) family of transcription
factors and plays a central role in the cellular response to oxidative
stress (17). During cellular stress or proliferative signaling, Nrf2
dissociates from its inhibitor, kelch-like ECH-associated protein 1
(Keap1), allowing Nrf2 stabilization and accumulation (18). Ad-
ditional signaling involving several reported kinases induces ser-
ine-40 phosphorylation of Nrf2, enhancing its nuclear transloca-
tion and transcriptional activity (19, 20). De facto Nrf2 target
genes include the genes encoding NQO1 and HO1, two antioxi-
dants that are key in maintaining redox homeostasis (21, 22).
Novel Nrf2 target genes also include the genes encoding antiapop-
totic Bcl-2/Bcl-xL (23); the proangiogenic HIF-1a/ VEGF axis (24,
25); prometastatic MMP9 (26); the proliferative pentose phos-
phate pathway enzymes G6PD, TKT, and TALDO (27); the drug
resistance proteins Mrpl and Mrp2 (28, 29); and the proinflam-
matory cyclooxygenase 2 (COX-2), making constitutive Nrf2 ac-
tivation perilous to the cell (30). Multiple cancer types have gain-
of-function Nrf2 mutations or loss-of-function Keap1 mutations,
confirming its oncogenic potential (31).

In a set of recent studies, we demonstrated that de novo KSHV
infection of endothelial cells induced Nrf2 through multiple
mechanisms to create a microenvironment conducive to infection
(30, 32). In the current study, we further investigated the role of
Nrf2 in KSHV gene expression, focusing mainly on latently in-
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fected, PEL-derived cell lines. We demonstrate that latent KSHV
infection induces Nrf2, which plays an important role in the dy-
namic changes observed in ORF50 expression. In the absence of
LANA-1, Nrf2 acts as a transcription activator, but it functions as
a repressor in the presence of LANA-1. We determined that this
switch in Nrf2’s role on the ORF50 promoter is mediated by
LANA-1-mediated recruitment of the transcriptional repressor
KAP1, ultimately leading to ORF50 repression and establishment
of latency. Nrf2 inhibition further resulted in increased KSHV
lytic cycle gene expression, viral-DNA (virion) production, and
PEL cell death. Collectively, this study demonstrates that KSHV
induces Nrf2 to facilitate lytic gene expression during de novo
infection and to later repress this induction by using LANA-1-
mediated KAPI recruitment to the Nrf2 binding site.

MATERIALS AND METHODS

Cells and tissues. KSHV-positive BCBL-1 and BC-3 and KSHV-negative
Ramos, Akata, and BJAB cells were cultured in RPMI 1640 GlutaMax
(Gibco Life Technologies, Grand Island, NY). BJAB cells harboring KSHV
in an episomal form (BJAB-KSHV), obtained from Blossom Damania
(University of North Carolina, Chapel Hill) (33), were cultured in RPMI
1640 GlutaMax supplied with the eukaryotic selection factor hygromycin
(200 pg/ml). All B cell media were supplied with 10% fetal bovine serum
(FBS) and penicillin-streptomycin. HEK293T cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM), while TIVE and TIVE/
LTC cells, obtained from Rolf Renne (University of Florida) (34), and
HMVEC-d were cultured in EBM-2 medium (Lonza, Walkersville, MD)
(30, 32). All endothelial cell media were supplied with endothelial growth
factors (EGM2). Formalin-fixed, paraffin-embedded stomach tissue sam-
ples from healthy subjects and patients with PEL were obtained from the
AIDS and Cancer Specimen Resource, San Francisco, CA (ACSR).

Plasmid transfections, lentivirus production, and transduction of B
cells. For transfection, subconfluent HEK293T cells were transfected for
24 to 48 hwith 1 pg/ml of plasmid DNA using calcium phosphate precip-
itation prior to experimentation. Lentiviral vectors containing short hair-
pin RNA against Nrf2 (shNrf2) (TRCN0000007558) and KAP1 (shKAP1)
(TRCN0000018002) were purchased from ThermoFisher Scientific (Wal-
tham, MA), lentiviral hemagglutinin (HA)-tagged KAP1 (HA-KAP1)
(plasmid 45569) was obtained from Addgene (Cambridge, MA), and len-
tiviral ORF73 was obtained from Chris Boshoff (35). Lentiviral particles
containing the above-mentioned expression vectors were prepared using
a four-vector system in HEK293T cells, as previously described (32). The
supernatants containing the respective lentiviral particles were used to
transduce B cells in the presence of Polybrene (5 ug/ml). Seventy-two to
144 h postransduction, the cells were observed for vector uptake efficiency
by using the transduction reporter (green fluorescent protein [GFP])
present in the shRL (Renilla luciferase) construct, and only experiments
where shRL expression was present in >80% of the cells were investigated
further.

Antibodies and reagents. The antibodies against total Nrf2 protein
(tNrf2), NAD(P)H quinone oxidoreductase 1 (NQO1), protein kinase C
zeta (PKC{), and phosphorylated PKC{ (pPKC{) (Thr410) were from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA); the antibody against
caspase-3 was from Cell Signaling Technologies (Danvers, MA); the Ser-
40-phosphorylated Nrf2 (pNrf2), TATA-binding protein (TBP), and
mouse KAP1 antibodies were from Abcam (Boston, MA); the antibodies
against 3-actin and tubulin were from Sigma-Aldrich (St. Louis, MO); the
antibodies against COX-1 and COX-2 were from Cayman Chemicals
(Ann Arbor, MI); the ORF50 antibody was from ABBIOTEC (San Diego,
CA); and the goat antibody against KAP1 was from Bethyl Laboratories
Inc. (Montgomery, TX). Horseradish peroxidase (HRP)-linked anti-
mouse and anti-rabbit antibodies were from KPL Inc. (Gaithersburg,
MD). DAPI (4',6-diamidino-2-phenylindole) and anti-rabbit and anti-
mouse Alexa-Fluor 594 or 488 secondary antibodies were from Molecular
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Probes (Carlsbad, CA). The chemical inhibitors myristoylated PKC{
(Myr-PKC{), the prostaglandin E receptor (EP) antagonists (AH8809,
GW627368X, and SC-51322), and synthetic prostaglandin E2 (PGE2)
were from Cayman Chemicals. Nuclear extract and TransAM Nrf2 kits
were from Active Motif (Carlsbad, CA). Celecoxib was from Tocris Bio-
sciences (Ellisville, MO). The anti-LANA-1 rabbit polyclonal antibody
(UK 183) is a glutathione S-transferase (GST)-fused recombinant anti-
body and was prepared in our laboratory as previously described (36). The
anti-LANA-1 mouse monoclonal antibody (1D10C3) was also prepared
in our laboratory and targets the specific LANA-1 peptide sequence 490 to
506 (CEPQQREPQQREPQQ).

Western blotting. Cells were suspended in RIPA lysis buffer (25 mM
Tris-HCI, pH 7.6, 150 mM NaCl, 1% NP-40, 0.1% SDS, supplied with
protease/phosphatase inhibitor cocktails), and Western blotting was per-
formed as previously described (32).

Isolation of nuclear and cytoplasmic fractions for Western blot
analysis. B cells at a density of ~1 million cells/ml were washed two times
with phosphate-buffered saline (PBS), and the nuclear and cytoplasmic
proteins were fractionated according to the manufacturer’s protocol (Nu-
clear Isolation kit; Active Motif) and as previously described (32).

Coimmunoprecipitation. Cells were lysed with either denaturing
RIPA buffer or nondenaturing buffer (NETN) (100 mM NaCl, 20 mM
Tris-HCL, pH 8.0,0.5 mM EDTA, and 0.5% NP-40), and 200 j.g of protein
was incubated with 1 to 2 ng of primary antibody, along with protein
G-Sepharose beads. After overnight incubation at 4°C, the beads were
pelleted by centrifugation and washed three times with the lysis buffer,
and the protein-bead complexes were disrupted by resuspension in SDS
loading buffer solution containing 3-mercaptoethanol (B-ME) and heat-
ing to 95°C for 5 to 10 min prior to SDS-PAGE loading and Western blot
analysis.

Measurement of host and KSHV gene expression by real-time RT-
PCR. To detect host and KSHV gene expression, total RNA from infected
and uninfected cells was isolated using an RNeasy minikit (Qiagen). Using
a high-capacity cDNA reverse transcription (RT) kit (Life Technologies),
we created a cDNA library of all the transcribed genes. Using gene-specific
primers and Power SYBR green PCR Master Mix real-time RT-PCR, we
determined the cycle threshold (C;) values for each gene. AC; values
relative to tubulin were assessed for each condition. Gene expression un-
der the control condition(s) was arbitrarily set to 1, and the fold change
was based on the AC;- differential relative to this condition (AAC;).

RNA sequencing and analysis of the KSHV transcriptome. BCBL-1
cells were transduced with either shRL or shNrf2 for 72 h prior to RNA
isolation using Qiagen’s RNeasy minikit. Prior to analysis, shRL cells were
observed for GFP expression to ensure efficient lentiviral transduction,
which was ~80% of the cells. Two micrograms of DNase-treated RNA
from each sample was sent for high-throughput RNA sequencing at the
University of Nevada, Reno, NV, as previously described (37). Briefly, a
cDNA library was created using a TrueSeq RNA sample preparation kit v2
(Ilumina, Inc.) according to the manufacturer’s instructions, and the
libraries were sequenced using a HiSeq next-generation sequencer (Illu-
mina, Inc.). The data were analyzed using the KSHV genome as a refer-
ence (accession number NC_009333.1) and the CLC Genomik Work-
bench 7 software. The ratio of the numbers of tubulin-normalized reads
per kilobase per million mapped reads (RPKM) for shNrf2 versus that for
shRL was calculated to determine the fold change between these condi-
tions. Values whose ratio was below 1.0 are represented in graphs as the
negative of the reciprocal value, indicating the fold decrease.

Immunofluorescence microscopy. B cells spotted on 10-chamber
glass slides were fixed and permeabilized with acetone, whereas TIVE/
LTC cells grown in 8-chamber Permanox plastic slides were fixed with
paraformaldehyde and permeabilized with 0.2% Triton X-100. The per-
meabilized cells were then blocked with Image-iT FX signal enhancer (Life
Technologies) and incubated with specific primary antibodies and fluo-
rescent Alexa Fluor-conjugated secondary antibodies prior to mounting
with DAPI for nuclear staining. Regular imaging was performed with
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Nikon imaging systems, and figure analysis and deconvolution of the
images were performed using Nikon NIS-Elements software. Confocal
imaging was performed using an Olympus FV10i microscope, and image
analysis was performed using Fluoview1000 (Olympus) software.

Nrf2 enzyme-linked immunosorbent assay (ELISA). To assess the
DNA-binding activity of nuclear Nrf2, we isolated the nuclear protein
fraction using a nuclear extraction kit (Active Motif), and the DNA-bind-
ing activity of Nrf2 was assessed using a TransAM Nrf2 kit (Active Motif)
according to the manufacturer’s instructions and as previously described
(32). Briefly, equal amounts of nuclear protein (25 pg/condition), were
loaded in each chamber containing the Nrf2-binding oligonucleotide
probes (sequence TGANNNNGC) for 1 h at room temperature, washed,
incubated with anti-Nrf2 antibody for 1 h, and then probed with an HRP-
conjugated anti-Nrf2 antibody for an additional hour prior to chemilu-
minescence detection. Twenty-five micrograms of control nuclear extract
was used as a positive control for the assay. Wild type (WT) and mutated
(Mut) oligonucleotide sequences provided by the manufacturer were
used to assess the specificity of the assay.

PLA. A proximity ligation assay (PLA) was performed using a
DuoLink PLA kit (Sigma-Aldrich) to detect protein-protein interactions
using fluorescence microscopy according to the manufacturer’s protocol
and as previously described (32). Briefly, B cells in 10-chamber suspen-
sion cell slides and TIVE/LTC cells in 8-chamber permanox slides were
blocked with DuoLink blocking buffer; incubated with primary antibod-
ies against LANA-1 (mouse monoclonal), pNrf2 (rabbit monoclonal), or
KAP1 (goat polyclonal or rabbit monoclonal) diluted in DuoLink anti-
body diluents for 2 h; washed; and then further incubated for 1 h at 37°C
with species-specific PLA probes, each conjugated to complementary oli-
gonucleotides that hybridize at close proximity (<40 nm). The cells were
then incubated with a ligation solution for 30 min at 37°C prior to the
amplification step for 100 min at 37°C. Detection solution consisting of
fluorescently labeled oligonucleotides was added, and the labeled oligo-
nucleotides were hybridized to the amplified products. The signal was
detected as distinct fluorescent dots in either the fluorescein isothiocya-
nate (FITC) or tetramethyl rhodamine isocyanate (TRITC) channel of
fluorescence or confocal microscopy. Negative controls consisted of cell
lines deficient in LANA-1 expression.

For the simultaneous PLA of pNrf2/KAP1 and LANA-1/KAPI, after
the completion of one round of PLA using anti-pNrf2 (rabbit) and anti-
KAP1 (goat) antibodies; the respective PLA probes; and ligation, amplifi-
cation, and detection steps (FITC), the cells were reblocked and stored
overnight at 4°C in DuoLink blocking solution. The following day, an-
other round of PLA was performed using anti-KAP1 (mouse) and anti-
LANA-1 (rabbit) antibodies and proceeded like the first PLA, using the
TRITC filter. PLA dots were visualized using either light or confocal mi-
croscopy.

Luciferase assay. HEK293T cells were transiently transfected by the
calcium phosphate method with plasmids expressing the full-length
ORF50 promoter and its truncated construct (pcDNA2500 and
pcDNA950), obtained from George Miller (Yale University School of
Medicine), preceding the firefly luciferase gene (38). In addition, a vector
expressing the Renilla luciferase gene under the control of the simian virus
40 (SV40) promoter was concomitantly transfected into the cells to ac-
count for transfection variability and potential cytotoxicity. Twenty-four
to 48 h posttransfection, the cells were harvested and lysed in passive lysis
buffer (Promega, Madison, WI). Soluble extracts were assayed for firefly
and Renilla luciferase expression by using the Dual-Glo system according
to the manufacturer’s instructions, and the results were expressed as fire-
fly/Renilla luciferase ratios and normalized to their respective control
conditions.

Cell death analysis by annexin V-PI staining. Approximately 500,000
B cells were suspended and incubated in 100 wl of annexin V binding
buffer containing 5 pl of FITC-tagged annexin V and 3 pl of propidium
iodide (PI) for 15 min at room temperature. An additional 400 pl of the
binding buffer was then added to the cells, and the solution was analyzed
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using an LSRII flow cytometer (Becton Dickinson) and FlowJo software at
the Rosalind Franklin University of Medicine and Science (RFUMS) Flow
Cytometry Core Facility.

Chromatin immunoprecipitation assay. ChIP assays were per-
formed using the SimpleChIP Enzymatic Chromatin IP kit (magnetic
beads) from Cell Signaling Technology following the manufacturer’s in-
structions. Briefly, BCBL-1 cells (4 X 10”) were fixed with 1% (vol/vol)
formaldehyde for 10 min at room temperature, followed by glycine
quenching of the cross-linking reaction for 5 min at room temperature.
The cells were then washed two times with ice-cold PBS, followed by
isolation of the nucleus. Fragmentation of the chromatin (150 to 750 bp)
was achieved by treating the isolated nucleus with micrococcal nuclease
(MNase) for 20 min at 37°C, which was stopped by EDTA addition. The
nuclei were centrifuged and resuspended in ChIP buffer, followed by son-
ication on ice to lyse the nuclear membrane. Cellular debris was removed
by centrifugation at 10,000 rpm at 4°C. For ChIP, chromatin containing
10 g of DNA was diluted in 500 pl of ChIP buffer and immunoprecipi-
tated with the respective antibodies (2 g) overnight at 4°C. Ten micro-
liters of the diluted chromatin was kept aside as a 2% input sample before
addition of antibodies. ChIP grade protein G magnetic beads were used to
pull down the chromatin-antibody complex for 2 h at 4°C. The immuno-
precipitated complex was then washed three times with low-salt and once
with high-salt wash buffers. To elute the chromatin from the antibody-
protein G bead complex, the beads were resuspended in ChIP elution
buffer, followed by incubation at 65°C for 30 min on a thermomixer
(1,200 rpm). Next, removal of all protein and reversal of cross-linking was
achieved by incubating the eluted chromatin with NaCl and proteinase K
for 2 h at 65°C. The 2% input samples were treated similarly. Subse-
quently, DNA was purified using spin columns. Both input and ChIP
DNAs were measured by quantitative PCR (qPCR) using Power SYBR
green PCR Master Mix (Applied Biosystems). Enrichment of proteins on
specific genomic regions was calculated as a percentage of the immuno-
precipitated DNA compared to the input DNA.

The primers used for ORF50 promoter ChIP studies and their nucle-
otide positions were as follows: ORF50 set 1 (68892 to 69015), forward
primer, CAGGTGTTTCTGTGCGTTTATG, and reverse primer, CTGG
GATTGGTTCACGAGTT; ORF50 set 2 (69448 to 69579), forward
primer, CCTGACTGATGGATAGGGT, and reverse primer, GTTAGCG
GAAGTCAGACTCG; ORF50 set 3 (69988 to 70113), forward primer,
GACGGCAAATAGCGCAAAG, and reverse primer, CATGCGTGAACC
CTCACTAT; ORF50 set 4 (70765 to 70860), forward primer, GACAGTC
CGCCATACTCTTC, and reverse primer, CTGGCTCTACCACATCTTC
ATAG; ORF50 set 5 (71161 to 71279), forward primer, CAGTCATCCC
AGATCAAAGTCA, and reverse primer, AACACCAGACTGAATCTACT
TCC; ORF50 set 6 (71532 to 71677), forward primer, GCTACAGCTTAT
CCTCCACTAAAT, and reverse primer, CAGTATTCTCACAACAGACT
ACCC; ORF50 set 7 (71920 to 72250), forward primer, GAGTTAGGGA
CGTGCTGATTAT, and reverse primer, CGAGGACTTTCAGGATACA
GATT.

Gel filtration chromatography. Cell lysates obtained from BC-3 cells
were separated by gel filtration chromatography on a Superdex 200 HR
column with a fast protein liquid chromatography (FPLC) system (Phar-
macia Biotech, Uppsala, Sweden) as described previously (39).

Intracellular KSHV DNA quantification. BCBL-1 cells were trans-
duced with lentivirus expressing shNrf2 or shRL, or treated with brusatol
(100 nM), or TPA (20 ng/ml) for 96 h prior to DNA isolation using
Qiagen’s DNeasy minikit. Equal amounts of DNA (100 ng) were run per
condition by DNA qPCR using SYBR green probe and ORF73- and tubu-
lin gene-specific primers. The ORF73 C . values were normalized to tubu-
lin for each condition.

De novo infection of HMVEC-d. HMVEC-d were serum starved for 2
h prior to addition of KSHV (40 DNA copies/cell) at the indicated time
points. The cells were then lysed with nondenaturing buffer (NETN), and
protein was isolated and quantified using the bicinchoninic acid (BCA)
quantification method, as previously described (30, 32).
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Statistical analysis. Data are expressed as means and standard devia-
tions (SD) for at least three independent replicates. In all tests, a P value
of <0.05 was considered statistically significant. Experiments in which the
P value is <0.05 are marked with asterisks.

RESULTS

Latent KSHV infection induces Nrf2 activity in PEL tissue and
PEL cell lines. We recently observed that de novo and latent KSHV
infections of endothelial cells induce Nrf2 activity and that KS
tissue of the skin exhibited elevated nuclear Nrf2 levels (30, 32).
Here, we investigated the role of prolonged latent KSHV infection
of B cells in inducing total Nrf2 protein (tNrf2) levels and its
Ser-40 phosphorylation (pNrf2). Immunofluorescence assays
(IFA) showed that pNrf2 is undetectable in the lining of the nor-
mal gut mucosa (Fig. 1A, top row). In contrast, IFA of PEL of the
stomach revealed significant Nrf2 phosphorylation, particularly
in the area of the malignancy, with latently infected B cells as
measured by the expression of the KSHV latency marker LANA-1
(Fig. 1A, bottom row, areas within the dashed lines).

We next investigated the levels of tNrf2 and transactivated
pNrf2 in the PEL-derived, KSHV-positive cell lines BCBL-1 and
BC-3 and compared them to those in the EBV- and KSHV-nega-
tive Burkitt’s lymphoma cell lines Ramos and Akata. KSHV-pos-
itive PEL cell lines exhibited significantly elevated levels of tNrf2
and pNrf2 in the whole-cell protein lysate (Fig. 1B, lanes 1 to 4), as
well as in the nucleus (Fig. 1C, lanes 1 to 4), compared to their
KSHV-negative counterparts. Similarly, BJAB-KSHYV cells exhib-
ited enhanced tNrf2 and pNrf2 levels in the whole-cell lysate, as
well as in the nucleus, compared to uninfected BJAB cells (Fig. 1B
and G, lanes 5 and 6), suggesting that the observed Nrf2 upregu-
lation is due to latent KSHV infection and not due to inherent
genetic differences between the cell lines. We confirmed the in-
creased nuclear presence of pNrf2 in KSHV-positive cell lines by
IFA (Fig. 1D).

An ELISA designed to detect transcriptionally active Nrf2 in
nuclear lysates using the antioxidant response element (ARE)
(Nrf2-binding site) as the antigen further confirmed that the in-
crease in nuclear Nrf2 in KSHV-positive cell lines resulted in in-
creased DNA binding (Fig. 1E). Furthermore, mRNA expression
of the de facto Nrf2 target NQO1 and heme oxygenase (HO1)
genes showed that their expression was significantly upregulated
in KSHV-positive cell lines (Fig. 1F). COX-2, whose optimal ex-
pression depends on Nrf2 induction during KSHV infection of
endothelial cells (30), was highly expressed in KSHV-positive cell
lines, as well (Fig. 1F). Western blotting confirmed the elevated
protein expression of NQO1 and COX-2 in these cell lines, while
no such correlation was observed between the constitutively active
COX-1 and KSHYV infection (Fig. 1G).

Collectively, these results demonstrated that the increased
Nrf2 protein levels and phosphorylation in PEL and PEL-derived
celllines resulted in its direct nuclear translocation, DNA binding,
and transactivation of de facto target genes.

The COX-2/PGE2 axis induces Nrf2 through prostaglandin
E receptor 4 (EP4) signaling in PEL cell lines latently infected
with KSHV. During the early stages of de novo endothelial cell
infection, KSHYV utilizes reactive oxygen species (ROS) to mediate
Nrf2 stability and signaling kinases to mediate its phosphorylation
(32). Interestingly, ROS are dispensable for Nrf2 induction during
latency, where we have identified COX-2 as a major factor in sus-
tained Nrf2 activity (30, 32). In this pathway, Nrf2 is important for
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optimal COX-2 expression, which in turn enzymatically activates
PGE2 production and secretion. PGE2 autocrine/paracrine effects
subsequently utilize PKC{ to induce Nrf2 activity, establishing a
feed-forward loop between Nrf2 and COX-2. We also found that
during prolonged endothelial latency, KSHV induces activation of
the noncanonical Nrf2-activating pathway dependent on the au-
tophagic protein p62 (sequestosome-1 [SQSTM1]) (30). In this
pathway, KSHV-mediated inhibition of autophagy results in ac-
cumulation of p62, which competitively displaces Nrf2 from its
inhibitor, Keapl.

Here, we investigated these mechanisms of Nrf2 induction
during latent infection of B cells. We observed that p62 protein
levels were similar regardless of KSHV infection, arguing against a
role for the noncanonical pathway in Nrf2 activation in these cell
lines (Fig. 2A). Investigation of the COX-2/PGE2/PKC{ axis
showed that although total PKC{ levels were slightly reduced in
KSHV-positive cells, those of its active, Thr-410-phosphorylated
isoform, pPKC{, were significantly elevated (Fig. 2A). Previously,
we showed that pPKC( is induced by the paracrine effect of PGE2
to mediate Nrf2 activation (30, 32). We designed a medium inter-
change experiment to confirm whether KSHV-mediated auto-
crine/paracrine signaling was also involved in Nrf2 activation in
PEL-derived cell lines. We obtained supernatants of Ramos,
Akata, and BCBL-1 cell cultures and used these supernatants to
culture KSHV-negative cells, as shown in Fig. 2B. BCBL-1 media
induced Nrf2 phosphorylation in Ramos and Akata cells signifi-
cantly more than media from the uninfected Ramos and Akata
cells (Fig. 2B), indicating that signaling agents in the BCBL-1 su-
pernatant participate in paracrine signaling that is key to inducing
Nrf2 activity, possibly through PKC{ activation.

To assess if paracrine signaling-mediated PKC{ activation is
involved in Nrf2 activation similarly to its involvement in endo-
thelial cells, we treated BCBL-1 cells with the myristoylated PKC{
pseudosubstrate inhibitor (MPK), the COX-2 inhibitor celecoxib,
and starvation and observed a robust reduction in Nrf2 levels and
phosphorylation under all conditions (Fig. 2C), suggesting that
COX-2-mediated signaling is important for PKC{-mediated Nrf2
activation. We further confirmed the involvement of PGE2 signal-
ing in Nrf2 induction by treating Ramos cells with exogenous
PGE2 and observed a dose-dependent induction of tNrf2 and
pNrf2 levels (Fig. 2D). PGE2 mediates most of its paracrine effects
by binding to and inducing the activities of EP1 to -4. Of the three
overexpressed EPs in PEL, EP1, -2, and -4 (40), only treatment
with the EP4 antagonist GW 627368 significantly reduced Nrf2
activity in a dose-dependent manner (Fig. 2E).

Collectively, these results demonstrated that KSHV-induced
COX-2 mediates PGE2 production and secretion, which through
autocrine/paracrine signaling amplifies EP4/PKC( signaling to in-
duce Nrf2 activation in KSHV-positive PEL cell lines.

Nrf2 and the KSHYV latency-associated protein LANA-1 in-
teract with each other in PEL cell lines. During de novo infection
of endothelial cells, we observed that LANA-1 and pNrf2 colocal-
ized with each other at latent time points (32). Since Nrf2 is acti-
vated in PEL, we next investigated the possibility of interaction
between LANA-1 and Nrf2 and its implications in KSHV biology.
By confocal microscopy, we observed that LANA-1 and pNrf2 also
colocalize in multiple areas within the PEL cell nuclei (Fig. 3A).
While pNrf2 staining revealed a characteristic nuclear distribu-
tion, there was a striking enrichment in areas surrounding
LANA-1 puncta (Fig. 3A, arrowheads). Furthermore, we per-
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FIG 2 Analysis of KSHV-induced autocrine/paracrine signaling involved in Nrf2
activation in PEL cell lines. (A) KSHV-positive and -negative cell lines were West-
ern blotted for the autophagic protein SQSTM1 (or p62), PKCE, and its active,
Thr-410-phosphorylated form. (B) Supernatants from BCBL-1 ([B]), Akata ([A]),
and Ramos ([R]) cells cultured at a density of 250,000 cells/ml for 72 h were cleared
of cell debris by centrifugation at 13,000 rpm for 30 min and used to culture Ramos
or Akata cells at the same density for a total of 24 h prior to Western blotting for
tNrf2 and pNrf2. (C) BCBL-1 cells were cultured in full medium (Unt), growth
factor-free medium (Starv), or full medium containing either the COX-2-specific
inhibitor celecoxib (Celec) (10 wM), or the PKC{ inhibitor MPK (10 uM). All
treatments were performed for 12 h prior to Western blotting for tNrf2 and pNrf2
levels. (D) The KSHV-negative Ramos cells were treated for 12 h with increasing
doses of PGE2, and whole-cell lysates were Western blotted for tNrf2 and pNrf2
levels. (E) BCBL-1 cells were mock treated with DMSO (—) or treated with EP
antagonists for 12 h prior to Western blotting for tNrf2 and pNrf2. The EP1 an-
tagonist (EP1-A) was SC-51322 (25 and 50 uM), the EP2-A was AH6809 (25 and
50 M), and the EP4-A was GW627638X (2.5 and 5 uM). X and 2X indicate the
low and high concentrations, respectively, for each drug. (A to E) All calculations
were normalized to the loading control tubulin and are relative to the untreated/
control condition.

formed a sensitive PLA between pNrf2 and LANA-1, as this
method detects two molecules in direct proximity at ~40 nm or
less (see Materials and Methods for details). PLA of LANA-1 and
pNrf2 in BCBL-1 and TIVE/LTC cells showed significant LANA-1
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and pNrf2 interaction spots in the nucleus, which were absent in
the KSHV-negative cell lines (Fig. 3B). Lastly, coimmunoprecipi-
tation (co-IP) of the BCBL-1 lysate with anti-Nrf2 antibody also
pulled down LANA-1, confirming that LANA-1 and Nrf2 interact
(Fig. 3C).

Nrf2 and LANA-1 bind to similar regions of the KSHV lytic
switch ORF50 promoter. Previous PLA experiments revealed that
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pNrf2 and LANA-1 colocalized with the KSHV genome during de
novo latency in endothelial cells and that Nrf2 knockdown abro-
gated the lytic gene burst during de novo infection (32), indicating
that Nrf2 might play an important role in the interplay between
lytic gene expression and latency. Therefore, we hypothesized that
pNrf2 may bind to the ORF50 promoter to regulate its transcrip-
tional activity. To test this, we analyzed the 2,500 bp upstream of
the ORF50 gene, widely accepted as the ORF50 promoter region,
and identified four putative Nrf2-binding sites (AREs) on the
sense and antisense strands (Fig. 4A, red lines). To assess whether
Nrf2 binds to the ORF50 promoter, we performed a set of ChIP
experiments using anti-LANA-1 (mouse) and anti-pNrf2 (rabbit)
antibodies on chromatin isolated from BCBL-1 and BC-3 cells.
Using a set of seven primers spanning the ORF50 promoter, as
illustrated in Fig. 4A, we observed that LANA-1 bound through-
out the ORF50 promoter (Fig. 4B), consistent with previous re-
ports (16). Interestingly, pNrf2 also bound throughout the ORF50
promoter, with an observable enrichment around primer sets 5 to
7 (Fig. 4B). The promoter binding of pNrf2 and LANA-1 were
remarkably similar in pattern in BCBL-1 cells, both peaking at a
region covered by primer sets 5 to 7 (Fig. 4B, left). Overall, these
results demonstrated that pNrf2 binds to the ORF50 promoter in
a pattern that resembles that of LANA-1 binding, indicating the
possibility that pNrf2 and LANA-1 bind to similar regions of the
ORF50 promoter as a complex.

Several controls were performed to ensure that the ChIP results
were reliable. To ensure that the PCR results obtained by the
LANA-1 and pNrf2 pulldown were specific and not a consequence
of background DNA binding, we utilized a set of DNA primers
that amplify a highly heterochromatinized region of human DNA
devoid of Nrf2-binding sites, which showed negligible enrichment
by pNrf2 pulldown compared to the ORF50 primer sets (Fig. 4B,
left, Neg Ctrl [negative control]). Moreover, while LANA-1 pull-
down did provide Neg Ctrl region amplification to a higher degree
than either IgG or pNrf2, the enrichment of the ORF50 region was
severalfold higher (Fig. 4B, left). DNA PCR on BJAB cell chroma-
tin input revealed no amplification with the seven ORF50 primer
sets but did show amplification of the Neg Ctrl primers, confirm-
ing the designed primers’ specificity. The primers did not form
any observable primer dimers in the H,O control (Fig. 4B, left).
Lastly, agarose gel electrophoresis further confirmed the real-time
PCR experiments, demonstrating single-product formation,
specificity, and positive controls for these findings in both
LANA-1 and pNrf2 pulldowns (Fig. 4C and D).

Nrf2 knockdown and chemical inhibition result in a global
increase in lytic KSHV gene expression. Next, we assessed the
role of Nrf2 in KSHV gene expression in PEL cell lines. We trans-
duced BCBL-1 cells with lentivirus containing shNrf2 to reduce
endogenous Nrf2 activity in target cells (Fig. 5A and B); shRL was
used as a negative control. We confirmed by Western blotting that
the Nrf2 knockdown was efficient (Fig. 5B). Seventy-two hours
postransduction, DNase-treated mRNA from both conditions
was reverse transcribed and sequenced by RNA-seq for assessment
of global viral-gene expression (Fig. 5A). The results are reported
as the shNrf2/shRL RPKM ratio, and any induction/reduction be-
yond 1.5-fold was considered significant (Fig. 5A). The grouping
of genes in IE, E, and late (L) lytic genes was performed as in a
previous review (41). Interestingly, we observed a global increase
in lytic KSHV gene expression when Nrf2 was knocked down (Fig.
5C). This increase in expression encompassed all classes of KSHV

August 2015 Volume 89 Number 15


http://jvi.asm.org

The Nrf2/LANA-1/KAP1 Complex Inhibits ORF50

A ORFS50 Promoter (p2500) 71695
69195 € Truncated (p950) >
70745 € >
[ | . |
[ | [ |

——1 (68892 - 69015)
——11 (69448 - 69579)
——111 (69988 - 70113)
—— 1V (70765 - 70860)
— V (71161- 71279)
—— VI (71532 - 71677)

47 BCBL-1 SPrimer1 4 - BC-3
EPrimer 2
-3 - il OPrimer 3 3]
é EPrimer 4 E
= OPrimer5 5
% 27 OPrimer 6 X 2 1
E OPrimer7 g
S ONegCtrl 5§ 1 -
0 T T ﬁ- ] 0 T
IeG LANA pNrf2 BJAB-Inp H20 IgG LANA-1 pNrf2
C ChIP-LANA-1 Input D ChIP-pNrf2 Input
m
BCBL-1 BJAB BCBL-1 =
> o = o ;'2
ORF50 Neg Ctrl GAPDH E E E E C, ORF50 HO1 Neg Ctrl S
-+ - + -+ S & o o = -+ -+ -+ g

IH

FIG 4 Determination of pNrf2 and LANA-1 binding to the ORF50 promoter. (A) ORF50 promoter schematic spanning 2,500 bp upstream of the transcriptional
start site (69195 to 71695). The red horizontal lines indicate putative Nrf2 binding sites (AREs; TGANNNNGC). The ARE sites indicated above the schematic are
on the antisense DNA strand, while those below the schematic are on the sense DNA strand. The exact locations of the ARE sites are, from left to right, 69184 to
-92, 70670 to -78, 70721 to -29, and 71571 to -79. The colored lines and numbers below the schematic correspond to the primer sets used in panels B to D and
their locations on the promoter. p2500 and p950 indicate the luciferase promoter constructs used in Fig. 9. (B) Chromatin immunoprecipitation of KSHV-
positive cells (BCBL-1 and BC-3) using anti-LANA-1, anti-pNrf2, and IgG control antibodies. The primers shown in panel A were used to PCR amplify the
immunoprecipitated and input DNA. The negative-control (Neg Ctrl) primers amplify a region of the human DNA that is highly heterochromatinized and
devoid of many DNA-binding factors and that was used to determine the background, nonspecific chromatin binding of the anti-LANA-1 and anti-pNrf2
antibodies. The results are expressed as percentages of DNA pulled down compared to the respective input chromatin. BJAB input genomic DNA was used to
demonstrate the specificity of the designed ORF50 primers, while H,O was used to observe potential primer dimer formation. (C and D) DNA PCR for LANA-1
and pNrf2 pulldowns was carried out with ORF50 primer set V in the ChIP samples from panel B. —, IgG control was used for the pulldown; +, anti-LANA-1
(C) or anti-pNrf2 (D) antibody was used for the pulldown. Neg Ctrl and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) primers were used as negative
controls. The HO1 gene, a de facto Nrf2 target gene, was used as a positive control for pNrf2 pulldown. The data are expressed as means and SD for at least three
independent replicates.

lytic genes, IE, E, and L (Fig. 5C). In contrast, latent KSHV genes
were not significantly affected by Nrf2 knockdown (Fig. 5C).
When the viral-gene expression was plotted in a 100% stacked
column, we observed an interesting association between the pro-
portion of KSHV genes that were induced and the lytic gene cat-
egory that these genes belonged to. Specifically, 95%, 70%, and
41% of the IE, E, and L genes, respectively, were upregulated by
Nrf2 knockdown, suggesting a temporal gene reprogramming
that initiates with IE genes, followed by induction of E and then L
genes (Fig. 5D).

To confirm the sequencing findings, we performed real-time
RT-PCR analysis on selected KSHV genes from BCBL-1 and BC-3
cells transduced with either shRL or shNrf2 for 72 h. We observed
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arobustinduction of IE, E, and L genes during Nrf2 knockdown in
both cell lines, demonstrating that this was not a cell line-specific
effect (Fig. 6A). Interestingly, latent gene expression also increased
moderately during Nrf2 knockdown, although not to the same
degree as most lytic genes (Fig. 6A). Western blotting of ORF50/
RTA showed that the increase in mRNA is concomitantly associ-
ated with an increase in protein expression (Fig. 6B). Real-time
RT-PCR analysis confirmed that Nrf2 mRNA and mRNAs for
Nrf2 target genes were significantly downregulated by shNrf2
treatment (Fig. 6C).

Brusatol is a novel chemical inhibitor of Nrf2 that mediates its
proteasomal degradation at nanomolar concentrations (42).
When we treated BCBL-1 and BC-3 cells with increasing doses of
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brusatol, we observed a significant reduction in Nrf2, especially at
100 nM (Fig. 6D). We then determined ORF50, ORFKS8, and
OREF73 gene expression in brusatol-treated BC-3 cells and ob-
served a robust increase in their expression (Fig. 6E), consistent
with the shNrf2 results. Nrf2 inhibition through either lentiviral
knockdown or brusatol induced KSHV DNA replication in
BCBL-1 cells (Fig. 6F).

Opverall, these experiments demonstrated that Nrf2 inhibition
results in a global increase in KSHV lytic gene expression, which
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proceeds in a temporal fashion and ultimately results in increased
KSHYV lytic replication.

KAP1 is expressed in PEL celllines, and its inhibition induces
lytic gene expression. The sequencing findings were surprising to
us, as they indicated that Nrf2 plays a repressive role in ORF50 and
other lytic gene expression in latently infected PEL cells. This was
in contrast to the findings observed during de novo infection,
where we identified Nrf2 as a positive regulator of ORF50 and the
lytic burst (30). We therefore hypothesized that the cellular mi-
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significant. The data are expressed as means and SD for at least three independent replicates.

croenvironment is modulated by latent KSHV to exploit the pos-
itive transcriptional activity of Nrf2 on ORF50 during early infec-
tion and to use it to repress ORF50 during latency. Specifically, we
focused on KAP1, a transcriptional corepressor in the human ge-
nome. Recent reports have suggested that LANA-1 recruits KAP1
on the ORF50 promoter to mediate its repression in endothelial
cells (16). In addition to its role in ORF50 repression through
LANA-1 binding, KAP1 was also shown to bind Nrf2 in HeLa cells
(43). We therefore investigated the possibility that KAP1 modu-
lates the role of Nrf2 on the ORF50 promoter activity during
KSHYV infection.

We initially investigated the pattern of KAP1 expression in
PEL cell lines, which showed similar KAP1 protein levels and
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cellular distributions in KSHV-positive and -negative cell lines,
residing mainly in the nucleus (Fig. 7A and B). IFA showed that
the nuclear distributions of KAP1 were similar in the two cell
lines (Fig. 7B). However, when we effectively and specifically
knocked down KAP1 in the KSHV-positive BCBL-1 and BC-3
cells (Fig. 7C), we observed a robust induction of KSHV IE, E,
and L lytic genes (Fig. 7D) and a moderate increase in latent
KSHYV genes (Fig. 7D). ChIP analysis confirmed previous re-
ports that KAP1 binds to the ORF50 promoter (data not
shown). Overall, these results suggested that while latent KSHV
infection does not influence overall KAP1 protein levels in PEL
cells as it does with Nrf2, KAP1 activity is important in repress-
ing lytic gene expression, similar to Nrf2.

jviasm.org 7883


http://jvi.asm.org

Gjyshi et al.

Nucleus Nucleus DAPI KAP1

KSHV %)

= 4

| g -

B¢ 8 =5 ¢

- - - -] ;
KAPI‘--—| ‘-—-‘ Z
Actin|~'.-| |ﬁ

1 2 3 4 5

=

C S < £

KSHV (-)

18 @shKAP1 - BCBL-1
16 1|BshKAP1-BC-3

mRNA Levels Relative to Tubulin U

Late

Latent

FIG 7 Assessment of KAP1 levels in PEL cell lines. (A) Nuclear protein ex-
tracts from KSHV-positive and -negative cell lines were Western blotted for
KAP1 levels. (B) Immunofluorescence analysis of KSHV-positive and -nega-
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shKAP1 and shNrf2 for the respective proteins. (D) Real-time RT-PCR for
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data are expressed as means and SD for at least three independent replicates.

Immediate-Early

KAP1 and Nrf2 interact in two distinct molecular mass com-
plexes in PEL cells. Because LANA-1 binds to Nrf2 and KAP1 and
because KAP1 was reported to bind to Nrf2 in KSHV-negative inde-
pendent systems (43), we hypothesized that KAP1, LANA-1, and
pNrf2 may form a complex transcriptional machinery that binds to
and affects ORF50 promoter activity differently during the spatio-
temporal stages of KSHV infection. After determining that KAP1
binds to both pNrf2 and LANA-1 in PEL-derived cell lines (data not
shown), we investigated the possibility of the three proteins interact-
ing in one complex. To test this, initially, we fractionated whole-cell
BC-3 protein lysate by high-resolution column gel filtration chroma-
tography, which elutes molecular complexes in fractions by size (39,
44). Western blot analysis of these fractions showed that KAP1 and
Nrf2 cofractionated in two separate molecular fractions (Frc). At high
molecular masses, KAP1 and Nrf2 cofractionated in abundance, to-
gether with LANA-1 (Fig. 8A, Frc 3 to 5, blue box). As LANA-1 levels
drop abruptly at fraction 6, so do Nrf2 and KAP1. Interestingly, co-
fractionation of Nrf2 and KAP1 was observed again in lower-molec-
ular-mass fractions without LANA-1 (Fig. 8A, Frc 10, green box),
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suggesting a possible LANA-1-independent interaction between the
two proteins.

Furthermore, when we performed a double PLA staining,
we found several KAP1/pNrf2 (green) spots colocalized with
LANA-1/KAP1 (red) spots in BCBL-1 cells, suggesting triple
colocalization of the three proteins (Fig. 8B, arrowheads). We
also observed a small number of KAP1/pNrf2 spots that did not
colocalize with LANA-1, suggesting that pNrf2 and KAP1 can
also interact in the absence of LANA-1 (Fig. 8B). Consistent
with this interpretation, we also observed a reduced number of
KAP1/pNrf2 (green) spots in the KSHV-negative BJAB cells,
which contain no LANA-1 (Fig. 8B).

Overall, the results of these experiments suggested that Nrf2
and KAP1 interact in two separate molecular complexes, a high-
molecular-mass complex with LANA-1 and a low-molecular-
mass complex without LANA-1.

LANA-1 enhances Nrf2 and KAP1 binding. To further test the
hypothesis that LANA-1 modulates KAP1 and Nrf2 interaction,
we used human embryonic kidney 293T (HEK293T) cells. We
transfected these cells with HA-KAP1 alone or together with
LANA-1 and performed a series of co-IP experiments. A Western
blot demonstrating efficient expression of each construct is shown
in Fig. 8C. It is important to note that LANA-1 expression did not
affect HA-KAP1 plasmid expression or basal endogenous Nrf2
(Fig. 8C) and that HEK293T cells have undetectable endogenous
KAPI expression (Fig. 8C, lane 1). KAP1 pulldown efficiently co-
immunoprecipitated Nrf2 only in the presence of LANA-1, while
no Nrf2 was coimmunoprecipitated from lysates lacking LANA-1
expression (Fig. 8D, asterisk). Similarly, in the reciprocal assay,
Nrf2 pulldown efficiently coimmunoprecipitated KAP1 only in
the presence of LANA-1, while no co-IP was observed in its ab-
sence (Fig. 8E). Therefore, Nrf2 was easily detectable in KAP1
pulldowns from BC-3 and BCBL-1 lysates, which contain abun-
dantlevels of LANA-1 (Fig. 8F). In contrast, when we performed a
Western blot for HA-KAP1 in HEK293T lysates pulled down for
Nrf2 adjacent to a lane of whole-cell lysate from these cells, we
observed that although Nrf2 and KAP1 did interact with one an-
other in the absence of LANA-1, such interaction was difficult to
detect and minimal compared to the whole-cell protein levels of
KAP1 (Fig. 8G, compare lanes 2 and 3). Separately, Nrf2 and
LANA-1 readily coimmunoprecipitated even in the absence of
KAPI (Fig. 8H).

Collectively, these results indicated that in the absence of
LANA-1, Nrf2 and KAP1 have a weakly detectable affinity for one
another, explaining the low-molecular-mass association of these
proteins and the few pNrf2/KAP1 PLA spots [Fig. 81, (—) LANA-
1]. In the presence of LANA-1, however, the KAP1/Nrf2 interac-
tion increases significantly, with LANA-1 acting as a facilitator of
the interaction, explaining the high-molecular-mass association
[Fig. 81, (+) LANA-1].

LANA-1 and KAP1 modulate the effect of Nrf2 on the ORF50
promoter. Through a series of luciferase assays, we investigated
the effect of the complex interaction between Nrf2, LANA-1, and
KAPI on the ORF50 promoter. Using two ORF50 promoter con-
structs, the full-length promoter (p2500) and the truncated prox-
imal 950 bp lacking the two distal AREs (p950) (Fig. 4A), we per-
formed a luciferase assay. Overexpression of Nrf2 along with these
constructs resulted in a dose-dependent induction of p2500 but
no induction of p950 (Fig. 9A), suggesting that the two distal, but
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not the proximal, AREs are essential for the Nrf2-mediated effects
on ORF50 expression.

Although Nrf2 played a negative regulatory role in ORF50 gene
expression in PEL cells (Fig. 5 and 6), it appeared to play a positive
role on the ORF50 promoter in the luciferase assay, which is con-
sistent with the positive effect of Nrf2 in the lytic burst observed
during de novo infection of endothelial cells (30). We therefore
hypothesized that different agents present in PEL cells but absent
in HEK293T and endothelial cells early during de novo infection,
LANA-1 being one of them, could manipulate the activating ef-
fects of Nrf2 on the ORF50 promoter into a repressive one. In-
deed, when we overexpressed LANA-1 along with Nrf2, the p2500
luciferase activity was moderately reduced (Fig. 9B). Similarly,
KAPI1 overexpression also moderately reduced Nrf2-mediated
p2500 induction (Fig. 9B). More importantly, when KAP1 and
LANA-1 were simultaneously coexpressed with Nrf2, p2500 was
suppressed to baseline levels (Fig. 9B). On the other hand, when
KAPI and LANA-1 were coexpressed in the absence of Nrf2, they
exerted no effect on the p2500 promoter (Fig. 9C).

Collectively, these luciferase assays suggested that in the absence of
LANA-1 and KAP1 interaction, Nrf2 activates the ORF50 promoter,
an effect that is actively repressed by LANA-1 and KAP1.

Nrf2 recruits LANA-1 and KAP1 to the ORF50 promoter.
Since we showed that these three proteins can form a complex and
can affect ORF50 promoter activity, we postulated that Nrf2,
KAP1, and LANA-1 bind to the ORF50 promoter as a complex. To
assess the orientation of this complex, we knocked down Nrf2 and
KAP1 in BCBL-1 cells and performed ChIP using anti-Nrf2,
-KAP1, and -LANA-1 antibodies. LANA-1 knockdown was not
feasible because it affects KSHV genome integrity. As expected,
Nrf2 knockdown reduced Nrf2 binding to the ORF50 promoter
by ~80% (Fig. 9D). More importantly, both KAP1 and LANA-1
levels of binding to the ORF50 promoter were significantly re-
duced by Nrf2 knockdown (~75% and 50%, respectively), sug-
gesting that Nrf2 is imperative for this complex to efficiently bind
to the promoter (Fig. 9D). KAP1 knockdown did not affect
LANA-1 binding to the ORF50 promoter while it moderately af-
fected Nrf2 binding (Fig. 9D).

Indeed, when HMVEC-d were infected de novo with KSHV, we
observed a significant increase in KAP1 and Nrf2 interaction in
infected cells compared to uninfected cells (Fig. 9E, lanes 4 to 6).
This increased interaction is likely due to the increased levels of
LANA-1 expression during the course of infection (Fig. 9E, lanes 1
to 3) as KSHYV establishes latency. These results, coupled with the
knowledge that Nrf2, but not KAP1, has direct DNA-binding abil-
ity, strongly suggest a model where this complex utilizes Nrf2 to
bind to the ORF50 promoter (Fig. 9F, shRL). In the absence of
Nrf2, this complex is disassembled and cannot bind to the ORF50
promoter (Fig. 9F, shNrf2), although additional LANA-1 binding
sites through other transcription factors are likely. In the absence
of KAP1, the Nrf2/LANA-1 complex still retains its ability to bind
to the ORF50 promoter, although at a decreased efficiency for
Nrf2, and reduced the repressive activity of the ORF50 promoter
(Fig. 9F, shKAP1).

KAP1 and Nrf2 knockdown triggers PEL cell death. Nrf2 and
KAP1 inhibition has been associated with decreased proliferation
and stress induction (45, 46). We undertook a series of assays to
determine if inhibition of these two proteins in the context of PEL
resulted in growth inhibition. Using trypan blue stain, we counted
the cells of PEL cell lines BCBL-1 and BC-3 at 3 and 7 days
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postransduction with shNrf2 and shKAP1, and we observed a sig-
nificant increase in the proportion of cell death (Fig. 10A). West-
ern blot analysis revealed increased caspase-3 cleavage under both
shKAP1 and shNrf2 conditions, although the increase was more
prominent in BCBL-1 cell lines (Fig. 10B). Interestingly, BC-3
cells, with wild-type p53 status, exhibited elevated basal caspase-3
cleavage compared to BCBL-1 cells, which have an acquired loss-
of-function p53 mutation (Fig. 10B, compare lanes 1 and 4) (47).

Flow cytometric analysis of PEL cells further confirmed that
the increased cell death in shKAP1 and shNrf2 was due to in-
creased apoptosis, as we observed an increase in annexin V/PI-
positive cells (Fig. 10C, quadrants 2 [Q2], red numbers). Interest-
ingly, BC-3 cells were more prone to cell death by apoptosis than
BCBL-1 cells, consistent with prior reports (47). Importantly, the
KSHV-negative BJAB cell line did not respond to KAP1 and Nrf2
knockdown with increased cell death (Fig. 10C), suggesting that
the apoptotic effects observed in PEL might be also due to lytic
KSHYV reactivation (Fig. 6F), which has been previously shown to
induce PEL cell apoptosis (48).

DISCUSSION

Discovering targetable host factors involved in the KSHV life cycle
is key to our understanding and treatment of KSHV-associated
malignancies. Here, we extensively investigated the role of the
transcription factor Nrf2 in KSHV latency, by focusing on PEL
and PEL-derived cell lines, and its importance in global KSHV
gene regulation. Specifically, we showed that (i) Nrf2 protein lev-
els, phosphorylation, and transcriptional activity are induced in
latently infected PEL cells; (ii) the COX-2/PGE2 paracrine signal-
ing axis induces Nrf2 through the receptor EP4 (Fig. 11B); (iii)
activated Nrf2 has an inducing effect on the ORF50 promoter in
the absence of LANA-1; (iv) LANA-1 exploits Nrf2 binding on the
ORF50 promoter to recruit KAP1 and mediate subsequent ORF50
repression (Fig. 11A); and (v) the Nrf2 inhibitor brusatol is a po-
tential therapeutic agent to combat KSHV infection and associ-
ated malignancies. Below is a thorough analysis of our findings.

Effect of Nrf2 on KSHV lytic gene expression. De novo KSHV
infection results in a burst of lytic gene expression with antiapop-
totic and immune-evasive functions (9). After the lytic burst,
ORF50 inhibition is required for latency establishment and main-
tenance, and these are achieved by the addition of repressive epi-
genetic markers (12). Inhibition of ORF50 is quickly reversible,
however, and it is facilitated by the simultaneous addition of acti-
vating epigenetic markers (12). Such a dynamic change likely re-
quires a preexisting protein complex(es) that can quickly switch
the heterochromatic landscape of the ORF50 promoter observed
during latency into the euchromatic state observed during lytic
reactivation. We propose that the intricate Nrf2/LANA-1/KAP1
interaction model identified in this study is one of the important
machineries that control the dynamic switch in ORF50 chromatin
status. Activated Nrf2 likely binds to the ORF50 promoter
throughout the course of infection and latency, acting as a consti-
tutive “on” switch by recruiting several cofactors that mediate
activating epigenetic modifications. During establishment of la-
tency, Nrf2 binding to the ORF50 promoter is then exploited by
LANA-1, which recruits KAP1 and possibly additional repressive
factors to turn the ORF50 promoter “off.”

Potential transcriptional cofactors recruited by Nrf2, LANA-1,
and KAP1. Nrf2 transactivation of target genes requires assembly
of high-order transcriptional machineries that contain the CBP/
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FIG 10 Analysis of Nrf2 and KAP1 knockdown effects on PEL cell death. (A) BCBL-1 and BC-3 cells lentivirally transduced with a self-inactivating empty vector
(pSIN), shRL, shNrf2, and shKAP1 for 3 and 7 days were stained with trypan blue to identify dead cells and counted in a hemocytometer. Two negative controls
(pSIN and shRL) were used to ensure the baseline cell death observed was specific. The bars indicate the percentages of dead cells in the whole population of
counted cells. *, P < 0.05 compared to the respective pSIN condition. (B) Western blot for caspase-3 and procaspase-3 staining from whole-cell lysates of BCBL-1
and BC-3 cells 3 days after lentiviral transduction with shRL, shNrf2, and shKAP1. Akata cells were included to observe baseline apoptosis in KSHV-negative
lymphomas. (C) Annexin V and propidium iodide staining was performed on BCBL-1, BC-3, and BJAB cells to determine the levels of apoptosis (Q2, red
numbers) in each cell line 7 days postransduction with pSIN, shNrf2, and shKAP1. shRL was avoided in this assay, as the green fluorescence of GFP expressed by
shRL interfered with proper annexin V and PI gating. H,O, (1 M) treatment for 30 min was used as a positive control for apoptosis in each cell line. The data are
expressed as means and SD for at least three independent replicates.

p300 acetyltransferase as a component, and such complexes may
be utilized by Nrf2 to mediate ORF50 acetylation and promoter
activation (49-51). Interestingly, LANA-1 inhibits CBP/p300 ac-
tivity (52), and this may be the first step in ORF50 repression
observed following the lytic burst. This interpretation is consistent
with the luciferase assay findings in Fig. 9B, where LANA-1 mod-
erately repressed Nrf2-mediated ORF50 activation even in the ab-
sence of KAP1.
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KAP1 is a host transcriptional repressor that can inhibit KSHV
lytic gene expression. The Iytic viral protein kinase (vpk) inhibits
the repressive function of KAP1 through Ser-824 phosphorylation
(53), which competitively inhibits KAP1 SUMOylation, a modifi-
cation required for its interaction with LANA-1 and ORF50 re-
pression (15, 16, 54). Interestingly, a recent report by Sun et al.
(16) demonstrated that LANA-1-mediated KAP1 recruitment to
the ORF50 promoter resulted in repressive epigenetic modifica-
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infection, the KSHV lytic burst is weakened, possibly exposing the virus to host responses in an in vivo system. During the lytic burst early in de novo infection,
Nrf2-induced RTA binds to and transactivates LANA-1 through its inducible promoter, allowing its accumulation and initiation of latency. (A3) As latency is
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inducing transcriptional effects of Nrf2 on the region. (A4) Temporal representation of the expression of ORF50 and ORF73 during de novo KSHV infection and
establishment of prolonged latency. (B) Mechanism of Nrf2 induction during KSHV latency. KSHV latent protein vFLIP-mediated constitutive COX-2
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induces Nrf2 activation through Ser-40 phosphorylation, nuclear translocation, and DNA binding and results in target gene induction, lytic gene repression by
LANA-1/KAP1 recruitment to the ORF50 promoter, and latency maintenance (A3).

tions by decreasing activating histone acetylation (AcH3), possi-
bly through recruitment of the histone deacetylase complexes
HDACI1, HDAC2, and RBBP. This interpretation would explain
the robust repressive effect that KAP1 recruitment to the ORF50
promoter had on the Nrf2-mediated ORF50 activation shown in
Fig. 9B. Indeed, a bivalent system using an Nrf2-associated coacti-
vating acetyltransferase (CBP/p300) and a KAP1-associated core-
pressing deacetylase (HDAC1/2) provides an appealing and plau-
sible dynamic model, which should be investigated further.
However, Nrf2 and KAPI recruitment of additional chromatin-
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modifying agents, such as H3K4me3 and H3K9me3 methyltrans-
ferases/demethylases, is likely and would explain the quick enrich-
ment in such markers on the ORF50 promoter following de novo
infection.

Temporal analysis of the recruitment of Nrf2, LANA-1, and
KAP1 to the ORF50 promoter. Based on these studies, we pro-
pose a model in a temporal fashion (Fig. 11A4). During early de
novo KSHYV infection, activated Nrf2 binds to the naive ORF50
promoter and induces its expression, facilitating the lytic burst
with antiapoptotic and immune-evasive functions (Fig. 11A1 and
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A2). At this early stage of infection, as LANA-1 is absent, KAP1
binds weakly to Nrf2 and is not capable of repressing the activating
effects that pNrf2 exerts on the ORF50 promoter. As RTA accu-
mulates, it binds to and activates the inducible ORF73 promoter
(Lpi), resulting in a steady increase in LANA-1 transcription (Fig.
11A2). As LANA-1 accumulates, it recruits KAP1 to pNrf2 on the
ORF50 promoter and represses its activating effects (Fig. 11A3).

Nrf2 induction through the COX-2/PGE2/EP4/PKC( axis in
KSHV-infected cells. The induction of COX-2 during KSHV in-
fection and its signaling through PGE2 production have been
thoroughly investigated (40, 55-60). In our recent reports, we
determined that Nrf2 induction during de novo KSHV infection of
endothelial cells (HMVEC-d) was important for transcriptional
upregulation of COX-2 expression (30, 61). More importantly, we
determined that COX-2-mediated PGE2 signaling through PKC{
was required for prolonged Nrf2 activation by KSHV during de
novo infection of endothelial cells. In the current study, we deter-
mined that Nrf2 activation in latently infected PEL cell lines relied
mainly on COX-2/PGE2/PKC{ signaling (Fig. 11B). Furthermore,
we discovered that EP4 was required for Nrf2 activation (Fig.
11B). Such findings are consistent with a report by Paul et al. (62),
which determined that EP4, but not EP1 or EP2, activation medi-
ated PKC{ activation, which we have shown to be crucial for Nrf2
activation by PGE2.

Implications for KSHV-infected PEL cell death and brusatol
treatment. We were surprised to observe the significant cell death
by Nrf2 knockdown in the PEL cell lines. While the stress-induc-
ing, antiproliferative effects of Nrf2 knockdown have been previ-
ously reported, these effects do not become apparent until Nrf2
inhibition is coadministered with cytotoxic chemotherapeutic
drugs. Similarly, brusatol’s anticancerous effects on A549, a lung
adenocarcinoma cell line with elevated Nrf2, were not significant
until coadministration with cisplatin, whereas its toxic effects on
PEL cells at the same concentration were readily observable (data
not shown) (42, 63—65). These data suggest that PEL cell lines are
highly dependent on Nrf2 for proliferation and survival, explain-
ing the high Nrf2 levels in these cell lines. It is tempting to specu-
late that increased lytic gene expression and virus production may
contribute to the observed cell death, because such effects were
not present during Nrf2 knockdown of the KSHV-negative BJAB
cell line.

In conclusion, this study expands our recent findings on the
role of Nrf2 in KSHV biology and establishes it as a molecular
signaling hub during KSHV infection that initially induces the
early lytic gene burst and subsequently facilitates the establish-
ment of latency. The existence of orally available Nrf2 modulators,
such as sulforaphane, tert-butylhydroquinone (tBHQ), and bru-
satol, make Nrf2 an appealing therapeutic agent in the fight
against KSHV-associated malignancies, especially if used in com-
bination with COX-2 and the lytic cycle inhibitors celecoxib and
ganciclovir, respectively.
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